Exploitation rates for legal-sized (. 159-mm carapace width) male Dungeness crabs, Cancer magister, often reach 90% in the northern California fishery, thus making large male crabs scarce and possibly reducing mating success particularly among large (. 140-mm carapace width) female crabs. Relying on known laboratory molting and presumed mating, we characterized temporal changes in proximal sperm plugs of female C. magister from four days through 323 days following molting and mating. Although sperm plug surface area decreased steadily with increased days following mating, we found that complete sperm plugs and/or sperm plug remnants were present through approximately 180 days post mating, a period exceeding the approximately four month duration of the mating season for Dungeness crabs in northern California. Based on dissection and identification of sperm plug presence, we assessed mating success of female Dungeness crabs at two locations in northern California during June and July 1997, following the February-May mating season. Among 590 female crabs (87-167-mm carapace width) classified as having definitely molted on the basis of shell condition observations, we found that 93% had complete sperm plugs or remnants of sperm plugs in vaginal tracts. Among the 336 large (. 140 mm) definitely molted female crabs, sperm plug presence was 98.5%. Thus, despite the intense fishery on large male Dungeness crabs, sperm plug data provide evidence of essentially 100% mating success among large female crabs that molted during 1997.
Brachyuran crabs in the family Cancridae tend to be polygynous. Males search for and directly defend females several days before females molt (Butler, 1960; Snow and Nielsen, 1966; Christy, 1987; Orensanz and Galluci, 1988) . Because multiple copulations with multiple males are possible in female cancrid crabs, sperm competition is likely (Diesel, 1991) . In this type of mating system, post-copulatory guarding and male-induced or male-produced formation of sperm plugs (Hartnoll, 1969; Jensen et al., 1996) are widespread and are believed to exclude competition from sperm of subsequent mates (Christy, 1987; Orensanz et al., 1995) . The seminal secretions delivered during mating to the spermathecae of the female form these sperm plugs, hardened structures which extend from the spermathecae into the vagina (Hartnoll, 1969; Jensen et al., 1996) .
In the commercially important Dungeness crab, Cancer magister, Dana, 1852, the sperm plug forms in the vagina after a hard-shelled male has mated with a soft-shelled, freshly molted female. This sperm plug presumably prevents subsequent access to the spermatheca by the sperm from any subsequent male that might mate with a given female after the first male (Jensen et al., 1996) . Jensen et al. (1996) described the sperm plug as having two parts: an inner or proximal (to ovary) section that extends from within the spermatheca to just beyond the vaginal constriction, and an outer or distal section that extends from the end of the proximal plug to slightly outside the vulva. The distal plug apparently does not adhere to the vaginal wall and is typically lost within hours to days of mating in captive specimens; it is rarely reported in females in the field. In most species of cancrid crabs, however, the sperm plug occludes the vulva, preventing subsequent copulation and is easily visible in the field (Diesel, 1991) . The sperm plug of the Dungeness crab is therefore unique in that it generally does not occlude the vulva. The proximal plug obstructs only about half the length of the vagina (Jensen et al., 1996) . Hence, presence of the sperm plug in female Dungeness crab does not necessarily prevent males from mating with previously mated females, but instead blocks access of the new sperm to the spermatheca.
Because sperm plugs are not found in unmated females (Orensanz et al., 1995; Jensen et al., 1996) and formation of sperm plugs immediately follows copulation (Bawab and ElSherief, 1989) , sperm plugs may be definitive indicators of mating activity in cancrid crabs (Hartnoll, 1969) . In field studies, presence of sperm plugs has been used to show that mating has occurred in the European edible crab, Cancer pagurus (see Edwards, 1966) , and to assess size-specific mating success in Dungeness crab, Cancer magister (see Hankin et al., 1997) . The absence of sperm plugs has been used to estimate the proportion of velvet swimming crabs, Necora puber, that failed to mate successfully (Norman and Jones, 1993) .
Although presence of a sperm plug may be a definitive indicator of recent mating activity in Dungeness crabs, absence of a sperm plug would not be a reliable indicator of mating failure unless sperm plugs remain present and observable for a substantial period after (post) mating. Studies by Jensen et al. (1996) were limited to examination of the sperm plug in the reproductive tracts of female Dungeness crabs for up to 20 days post mating. In northern California, female Dungeness crabs molt and mate from February through late May (Hankin et al., 1989) . Population-level assessment of mating success via examination of sperm-plug presence can be accomplished no sooner than early June, by which time essentially all mating has been completed. If sperm plugs deteriorate and are not readily visible for at least 120 days after mating, or if females actively expelled sperm plugs, then female Dungeness crabs that molted and mated during early February could be erroneously classified as having failed to mate by the absence of a sperm plug.
In northern California, the Dungeness crab fishery typically opens on 01 December and runs through mid-July. Annual exploitation rates often reach 90% in this fishery (Methot and Botsford, 1982; , and since the 1980's, more than 80% of the season's landings have been taken within the first six weeks of the fishery. Thus, most legal-sized (. 159-mm) male crabs have usually been removed prior to the peak molting season for females. Because the size of male crabs generally exceeds the size of female crabs found in premating embraces (Butler, 1960) and because the largest female crabs may exceed the legal size of male crabs, Smith and Jamieson (1991) conjectured that intense fisheries on male Dungeness crabs might reduce mating success and egg production among female crabs. Hankin et al. (1997) presented a critical appraisal of available evidence concerning this conjecture with respect to the northern California fishery. As key evidence in support of their conclusion that fisheryinduced reductions in female mating success were not evident, Hankin et al. (1997) relied on presence of sperm in spermathecae and presence of complete sperm plugs or fragments of sperm plugs as evidence of mating success.
In research by Hankin et al. (1997) , spermplug presence in female crabs was assessed during June and July 1995 following the February-May 1995 mating season. Therefore, the delay between mating and assessment of sperm plug presence ranged from about 14 days to 150 days. The overall objective of the current study was to determine whether sperm-plug presence is a reliable and accurate indicator of mating success in female Dungeness crabs. To achieve this overall objective, we characterized the temporal changes in sperm plugs based on internal examination of reproductive tracts of 135 female Dungeness crabs of known molting and (presumed) mating history ranging from 4 days to 323 days post mating. We found that sperm-plug presence could be reliably identified for at least 180 days post mating. We then used sperm-plug presence to demonstrate that mating success of large, molting female Dungeness crabs in northern California during 1997 was close to 100%, consistent with earlier findings of Hankin et al. (1997) .
MATERIALS AND METHODS

Laboratory Studies of Temporal Changes in the Sperm Plug
During the 1997 mating season (January through May), female crabs found paired in premating embraces (Butler, 1960) were collected in commercial traps by two contracted crab fishermen. One hundred thirty-five female crabs found in premating embrace pairs were brought to the Humboldt State University Marine Laboratory in Trinidad, California. Each such female was held together with a male crab in an isolated compartment (30 cm 3 30 cm 3 45 cm) in chilled (148-168C) circulating sea water until the female molted and mating was presumed to have occurred based on observations of postmating embraces. In addition, 20 female crabs collected from premating embraces and ranging in size from 121.3 mm to 159.2 mm CW were allowed to molt in the absence of males to generate a small sample of nonmated females. Females typically molted within 1-4 days of collection and mating generally took place immediately following molting when males were present. Mating was not directly observed for each pair, however, so an unknown number of males may not have actually mated with females. Males were removed approximately five days after females molted. Females were then tagged at the posterior epimeral suture with numbered Floy anchor tags. After tagging, female crabs were then held together in several large chilled tanks and maintained on a diet of previously frozen shrimp (various species), squid (species unknown), and jacksmelt (Atherinopsis californiensis).
Observations recorded for each tagged female crab included premolt and postmolt carapace width, presence or absence of a male crab at molting, date of molting, and for mortalities, date of death. Samples of mated females were generally sacrificed at approximately 2-4-day intervals post mating and were frozen for later dissection; all mortalities were also frozen for later dissection. When some females began extruding eggs, from late August to October, remaining female crabs were transferred to individual solid-walled containers (without sand substrate) within the circulating seawater system so that their extruded egg masses could be inspected for possible presence of extruded sperm plugs. Without the sand substrate, egg masses did not adhere to the female pleopods, thus allowing for an easier inspection of the free egg mass (see Wild, 1980; Hankin et al., 1997) .
For the dissection of frozen specimens, a cross-sectional cut was made right above the vulvae on the sixth thoracic segment. This allowed examination of the paired lower reproductive tract from the vulvae through the entire vaginal tract, spermathecae, and a large portion of the ovaries (Fig. 1) . The sperm plug (termed proximal sperm plug by Jensen et al., 1996) of Dungeness crabs typically extends from within the spermatheca to just beyond the vaginal constriction and often into the bursal entrance. The innermost section of the sperm plug, or the tip, extends into the spermatheca, which appears white because of stored sperm. The midsection of the sperm plug, the shaft, is translucent, white, and firm but flexible. In recently mated females, it adheres to the vaginal wall. The shaft extends from the tip to the vaginal constriction. Proximal to the vulva, the head of the plug, which extends into the bursa, often is shaped like the head of an ax and occludes the portion of the vagina adjacent to the bursa. Sperm-plug condition was classified using the following categorical scale: (1) complete; (2) complete but tip reduced; (3) head and shaft; (4) shaft and tip; (5) shaft only; and (6) no plug visible (Fig. 2) . In addition, the displacement of the sperm plug within the vaginal wall was noted using the relative position of the head with respect to the bursa and the relative position of the tip or end of the shaft relative to the spermatheca. Detached sperm plugs were removed through the vulvae with forceps, identified by tag number, and transferred to individual vials in 10% isopropanol. For sperm plugs that were bound to the vaginal tract and not removable without destroying the vaginal wall, the entire lower reproductive tract excluding the ovary was removed. Digital images of extracted sperm plugs and/or sperm plugs bound to vaginal tracts were captured from video images taken prior to preservation in isopropanol. Sperm-plug condition and displacement were recorded for both the left and right lower reproductive tracts.
Diameter and surface-area measurements of the shafts of sperm plugs were made from digital images using image analysis software (Bioscan OPTIMAS, version 3.10). Shaft diameter was measured at the widest section below the area of the vaginal constriction, proximal to the ovary. Surface-area measurements of the plug were limited to the shaft and tip, because of the varying shapes and sizes of the sperm-plug head, which depended on its position relative to the bursa. If sperm plugs were tightly bound to vaginal tracts, they were excised for surface-area measurements because the imaging software could not distinguish the outer ends of the sperm plug from the surrounding vaginal tissue. In several cases, poor resolution near the tapering end of the shaft distorted the edges for image capture and prevented the measurements of surface areas. Shaft diameter and surface-area measurements from left and right vaginal tracts were averaged and plotted against days post mating to determine whether there was any obvious pattern of decrease over a period of 323 days following copulation. Trend lines for mean shaft diameter were fit separately for sperm plugs that were bound to vaginal tracts (, 48 d post mating) and for detached removable sperm plugs (. 48 d post mating). After some experimentation, we found that the following model provided an adequate description of the shaft surface area data:
where Y is measured shaft surface area (or shaft diameter)-and X is days after mating. The two parameters, a and b, of this intrinsically nonlinear model were estimated using nonlinear least squares regression methods (S-Plus, version 4.0, function nls).
Field Assessments of Mating Success
Following completion of the female molting and mating season, a total of 1111 female Dungeness crabs were collected from two locations (off Clam Beach, 418009N, and off Big Lagoon, 418109N) in June and July 1997. Experimental traps, nonselective with respect to size for adult female crabs greater than or equal to 85-mm carapace width, (see Diamond and Hankin, 1985) were baited with squid or rockfish carcasses and pulled after 2-6 days. Presumed prior molting history of crabs was classified into one of five categories on the basis of visual inspection of shell condition (see Hankin et al., 1989) : (1) definitely molted; (2) probably molted; (2.5) uncertain molting history; (3) probably did not molt; and (4) definitely did not molt. Each female crab was dissected to determine sperm-plug presence, using the categorical scale of complete plug present to no plug visible. Sperm-plug-presence data were summarized by molting history classifications and carapace width (CW) for assessment of mating success in 1997. Some sperm plugs that had been removed and preserved in 10% isopropanol from field collections were prepared for scanning electron microscopy (SEM) by critical point drying with liquid carbon dioxide (Polaron critical point drier) and sputter coated with 500Å gold palladium (Polaron sputter coater). The SEM observations were made using a Topcon ABT-32 microscope for a detailed view of the sperm plug, and a micrograph was produced using a print scanner (Polaroid Sprint Scan 35) in conjunction with photo en- 
RESULTS
Temporal Changes in Sperm Plugs
No traces of sperm plugs were found in 21 females that molted in the absence of males. The vaginal tracts of all unmated females were translucent and flaccid (Fig. 3) .
Entire proximal sperm plugs or remnants of the sperm plugs/shafts were found in at least one side of the vaginal tract in all but 10 of 135 female crabs (93%) that had molted and had access to males in a laboratory setting, spanning a postmolt period from four days through 323 days post molting and presumed mating. In recently mated females (4-30 days after mating), the vaginal wall was tough and inflexible, and the sperm plug could not be separated from the vaginal wall without destroying the vagina. Typically at this early stage, the shaft of the sperm plug was tightly adhered to the vaginal wall, leading to the rigidity of the vaginal duct (Fig. 3) . The tip extended into the spermatheca, and the head of the plug was either adjacent to the bursal entrance or extended into the bursa (Figs. 3, 4) . Sperm plugs could not be separated and removed from the vulvae, using forceps, until about 48 days post mating. After 48 days, shafts of the sperm plugs were separated from vaginal walls (Fig. 4) , allowing removal from the reproductive tract without destroying the vagina. Some sperm plugs dissected approximately 48 days post mating were still complete proximal plugs with head, shaft, and tip (Fig. 5) . However, heads were often found broken from the shaft at the area of vaginal constriction. The tips of the sperm plug typically slid down the vaginal tract, out of spermathecae, and were positioned midway in the vaginal tract (Fig. 4) . Approximately 90 days post mating, sperm plugs with missing heads or degenerated tips were common. Interestingly, in about 10% of the female crabs, multiple heads were found deep in the bursa along with the recently formed head of the proximal plug of the most recent (1997) mating event. Even at 323 days post mating, a very reduced but intact sperm plug was found in the left vaginal tract of a mated female in the sample. Despite detachment from the vaginal wall, entire sperm plugs or shafts of sperm plugs were evident in 89% (221/249) of the vaginal tracts examined of presumptively mated females through 199 days post mating (Table 1) . Sperm-plug reduction to just the shaft portion, through head breakage and loss, did not frequently occur until after about 180 days post mating.
Five of 135 mated females extruded eggs in the laboratory 190-226 days post mating. The shaft portion of the sperm plug was found among the extruded egg masses in two of these females. No sperm plugs were found with the extruded egg masses in the remaining three female crabs. Surprisingly, the shaft of a sperm plug was found intact within the right reproductive tract of one of these female crabs that had extruded eggs.
The distal plug, described by Jensen et al., (1996) as being lost within hours to days of copulation, was not observed or included in the characterization of the sperm plug in the laboratory studies. However, remnants of distal plug were observed in a few of the mated females collected from the field in June and July 1997 (Fig. 6) . 
Shaft Diameter and Surface-Area Measurements
Temporal patterns in sperm-plug shaft diameter differed for sperm-plugs bound to vaginal walls (Fig. 7 , open circles) as compared to detached sperm plugs (Fig. 7, solid circles) . From 0 days to 48 days post mating, sperm plugs were typically bound to the vaginal tract, and measurements of the diameter included the surrounding vaginal wall (mean diameter ¼ 0.847 mm). From 48 days to 323 days post mating, when sperm plugs were detached and were removed from the vaginal wall, diameter measurements remained relatively constant around a mean diameter of 0.5438 mm, despite the increase in time since mating. When linear regressions of shaft diameter against days post mating were fit separately for ''bound'' and ''unbound'' sperm plugs, the slopes of these regressions were nonsignificant, indicating no significant decrease in shaft width at the area of the vaginal constriction with time (Fig. 7) . Although diameters of sperm-plug shafts showed no trends with time during days 0-48, or during days 48-323, surface-area measurements of sperm plugs (excluding the heads and any vaginal tissue) ranged from 10.3 mm 2 to 1.3 mm 2 and decreased with days post mating (Fig. 8) . We used nonlinear regression to fit an exponential power model to the decline in surface area (Y) with number of days post mating (X): Y ¼ EXP(3.612X À0.271 ). For this model, the regression of surface area on days post mating accounted for about 68.7% (¼ r 2 ) of the original variation in recorded surface areas, and the regression was judged highly significant (F (1,103) ¼ 225.99, P , 0.0001).
Field Assessments of Mating Success
In June and July 1997, a total of 703 female Dungeness crabs were collected off Clam Beach, California, and examined for presence of sperm plugs. Complete proximal plugs and/or remnants of the complete plug were present in 299 of 311 (96%) Class 1 (definitely molted) crabs, and in 33 of 125 (26%) Class 2 (probably molted) crabs (Table 2) . Among the 311 Class 1 crabs, 176 of 177 (99%) crabs exceeding 140 mm in carapace width had sperm plugs present. Among the crabs assigned to all other molt classes (Classes 2.5-4), sperm plugs were found in only 6 of 267 crabs (2%).
In July 1997, 408 female Dungeness crabs were collected off of Big Lagoon, California. Sperm plugs were found in 249 of 279 (89%) (Table 2) .
DISCUSSION
Crustacean sperm plugs are of two recognized types (Diesel, 1991) : (a) internal-a hardened substance contained within the spermatheca of portunids (Hartnoll, 1969) and some majids (Diesel, 1991) ; or (b) external-filling the vagina and protruding from the vulva in cheiragonids (Armetta and Stevens, 1987) , menippids (Tomikawa and Watanabe, 1990) , and cancrids (Edwards, 1966; Orensanz et al., 1995) . The internal sperm plug does not prevent subsequent copulation or block access to the spermatheca, but instead seals off seminal secretions of rival males within the spermatheca. In crabs with the internal sperm plug, each new ejaculate results in the formation of a new plug that accumulates serially within the spermatheca (Diesel, 1988; Ryan, 1967) , leading to stratification of rival sperm and in some species, positional advantage of most recently deposited sperm for last-male sperm precedence (Urbani et al., 1998) . In contrast, the external sperm plug usually impairs subsequent copulations by blocking access to the vulva and thereby preventing competition of sperm within the spermatheca. The external sperm plug of Dungeness crabs, Cancer magister, however, is atypical of the external type in that it does not directly block access to the vulva (Jensen et al., 1996) . Instead, in C. magister, the sperm plug occludes that portion of the vagina proximal to the ovary, thereby blocking access to the spermatheca by sperm of subsequent males within a particular mating season. The ejaculates from subsequent matings, if they occur, appear to be stored and form a matrix typically associated with spermatophores within the bursa, an organ that opens into the vagina just inside the vulva (Jensen et al., 1996) . By preventing sperm of subsequent males from entering the spermatheca, the sperm plug of C. magister is more similar in function to the external type of plug. In their study of the female reproductive tract of Dungeness crabs, (1996) speculated that the atypical external sperm plug of C. magister is probably derived from the typical external type of plug. In various brachyurans, the sperm plug is retained over varying periods, after which it disintegrates or disappears from the reproductive tract (Hartnoll, 1969) . Temporal changes in brachyuran sperm plugs have been followed in several species. In Carcinus maenas, Spalding (1942) noted that external evidence of the sperm plug disappeared by the time the integument had fully hardened. In Cancer pagurus, which has a typical external type sperm plug that protrudes through the vulva, the sperm plug disappeared externally after 3-8 weeks, but portions remained internally for over a year (Edwards, 1966) . Edwards (1966) noted that plugs gradually move up the oviduct towards the spermatheca, thus disappearing from sight when observed externally. In Portunus sanguinolentus, the sperm plug softened and disintegrated in about thirty days (Ryan, 1967) .
Dungeness crabs fertilize their ova as the ova pass from the ovary through the spermatheca about six months after mating. The eggs are then extruded and attached to setae of pleopod endopodites where they are brooded until hatching (Butler, 1960) . Therefore, an extensive reduction of the sperm plug would seem necessary lest it interfere with egg extrusion. We found that Dungeness crab sperm plugs were firmly attached to the vaginal wall until about 48 days post mating, making loss of the sperm plug through the vulvae before this period highly unlikely. Once shafts of the sperm plugs become detached from the vaginal wall, movement of the sperm plug down the vaginal tract away from the spermatheca, reduction and tapering of the shaft at the tip end of the sperm plug, and breakage of sperm plugs at the point of vaginal constriction were common occurrences. It seems probable that without the head of the sperm plug obstructing the vaginal lumen near the vulva, the remaining shaft of the sperm plug migrates down the vagina and is eventually lost through the vulva, which is supported by our observation of sperm-plug shafts extruded in broods. Measurements of sperm-plug shaft surface area showed that after a smooth but rapid decrease from 0 days to 48 days post mating, when sperm plugs are not yet removable, the shaft then breaks down gradually with time from about 48 days through 300 days post mating. Degradation of the tip and the portion of the shaft proximal to the tip resulted in a tapered shape of sperm plugs encountered in female crabs in the laboratory after more than 110 days post mating and also in field samples. In contrast, sperm-plug diameter remained relatively constant for days 48-323 days post mating. Prior to 48 days post mating, sperm plugs were not removable from the vaginal tract, and Optimas-based diameter measurements included the bound vaginal tissue on both sides of the two-dimensional image of the sperm plug. In light of the pattern of decrease in sperm-plug shaft surface area and lack of significant change near the area of vaginal constriction, much of the decrease in the surface area of the sperm plug occurred near the tip end of the plug. As early as 44 days post mating and more frequently after 48 days, broken heads of sperm plugs were near the vaginal constriction. In addition, sperm plugs with missing heads (sperm plug category 4) were frequently encountered after about 120 days post mating. Instead of the sperm plug completely disintegrating, it seems more likely that the shaft of the sperm plug is lost through the vulva after detachment from the vaginal wall following head breakage and loss. In contrast, the breakdown of the shaft at the area of vaginal constriction is much less conspicuous.
Several hypotheses have been advanced regarding the sperm plug's function. Diesel (1991) proposed that the formation of the sperm plug was a form of a paternity assurance mechanism in certain brachyurans. It has been suggested that the sperm plug prevents competition of sperm from rival males by preventing subsequent copulation (Hartnoll, 1969; Diesel, 1991) ; by segregating rival sperm within the spermatheca (Diesel, 1991; Urbani et al., 1998) ; by blocking access to the seminal receptacles (Bauer and Min, 1993; Jensen et al., 1996) ; or by limiting the amount of subsequent male's ejaculate (Jivoff, 1997) . Alternative hypotheses for sperm plug function include sperm retention, or sperm protection and nourishment (Hartnoll, 1969; Bawab and Sherief, 1989) . Hartnoll (1969) also suggested that sperm plugs might be vestigial structures with no important function.
Sperm competition would occur if the sperm from multiple males compete within the female for fertilization of a limited number of eggs.
Postcopulatory competition of sperm from rival males would require that females retain sperm from more than one male within either a single molting/mating season or store viable sperm across seasons (Parker, 1970) . In the Dungeness crab mating system, polygynous males typically search for and aggressively defend females for several days immediately before the female's molt. Mating occurs soon after the female molts (Butler, 1960) , and sperm plugs are formed immediately following the first copulation after molting (Jensen et al., 1996) . Multiple matings with multiple males are possible before the female's shell hardens because the presence of sperm plugs does not prevent subsequent copulation by males of previously mated females (Jensen et al., 1996) . The Dungeness crab sperm plug does not limit the number of subsequent matings, but it does prevent subsequent male contributions to the spermatheca, thereby limiting competition of sperm from different males within a single molting/mating season. However, Dungeness females can retain sperm across molts (Shirley and McNutt, 1989) so that additional males could presumably add to the spermathecal sperm supply in each molting and mating season. Also, Hankin et al. (1989) showed that females can retain viable sperm for at least 2.5 years and extrude successive egg masses without annual molting and mating. Thus it appears that sperm competition in Dungeness crabs could occur between (a) the first newly deposited sperm contributed at a female's most recent molt and (b) viable sperm stored from a previous mating event.
If eggs are fertilized largely or exclusively by new sperm deposited by the first male at a female's most recent molt, even when sperm stored from previous mating(s) are present in the spermathecae, then prevention of sperm competition from subsequent males would be the most likely hypothesis for sperm plug function in Dungeness crabs. Jensen et al. (1996) reported that despite the displacement of previously stored sperm by the newly deposited sperm nearest the oviduct, last-male sperm precedence for fertilizing the eggs may not occur in Dungeness crabs because there is no mechanism to segregate old rival sperm from recently deposited sperm. Therefore, the potential for mixing of new and old sperm exists. Rejection of this sperm-plug function hypothesis would, however, require a genetic typing study of offspring, similar to that carried out by Urbani et al. (1998) on the paternity assurance of the majid crab, Chionoecetes opilio. Only that kind of study could determine sperm precedence or degree of sperm mixing in Dungeness crabs.
Sperm-plug presence appears to be a definitive indicator of recent mating activity in cancrid and portunid crabs (Hartnoll, 1969) . In field studies, Edwards (1966) used presence of plugs during the molting season to show that impregnation had occurred in European edible crabs, Cancer pagurus, off of the east coast of England. He found that 70% of the 331 soft females examined had sperm plugs. Most of the crabs without plugs were smaller. In south-west England, Norman and Jones (1993) used sperm plug presence in recently molted female velvet swimming crabs, Necora puber, to assess the mating success of a commercially unfished population. Hardened sperm plugs were observed protruding from both oviducts of 90% of mature females. Norman and Jones suggested that the 10% with only one or no sperm plugs intact failed to mate successfully. In their concluding comments, Norman and Jones (1993) noted that in heavily fished areas, the loss of large males might aggravate mating failure, particularly in larger and more fecund females. The possibility of mating failure among larger females was suggested by observations that male crab size generally exceeds females in size during premating embraces.
Similar concerns regarding the mating success of large female crabs have also been expressed for the commercially exploited Dungeness crab, C. magister. Smith and Jamieson (1991) proposed that there might be a ''loss of population egg production'' because many legal-sized males were removed in the commercial fishery before they had an opportunity to mate. They hypothesized that scarcity of legalsized males could substantially reduce mating success among large (. 140 mm CW) females. Smith and Jamieson (1991) did not provide any empirical evidence of such conjectured impacts on mating success, however.
Use of sperm-plug presence as a reliable method of assessing mating success requires that sperm plugs remain present and observable for a period of time that exceeds the duration of the mating season. Entire proximal sperm plugs or remnants of the sperm plugs/shafts were found in vaginal tracts of all but 10 of 135 (93%) female crabs that had molted and had access to males in a laboratory setting, spanning a post-molt period from four days through 323 days post molting and mating. Complete proximal plugs were present in at least one side of the reproductive tract in most of the females (81%) through about 180 days post mating. Following 180 days post mating, partial plugs or no plugs were more frequently encountered, and some females extruded the sperm plugs along with fertilized eggs. The estimated time of sperm-plug loss therefore appears to range from about 180 days, when partial plugs detached from the vaginal wall are more easily lost through the vulva, to the time of egg extrusion (190-250 days post mating), when most remaining sperm-plug fragments are probably pushed out with the eggs.
In northern California, most mating of C. magister occurs from mid-February through mid-May. Thus, sperm plug presence should be a definitive indicator of mating success in this species based on collections that were made in June and July of 1997 (a maximum of 120-150 days post mating). Because Dungeness crab (Methot and Botsford, 1982) , it is especially important to verify that intense fishery removal of males does not significantly impact the mating success of female Dungeness crabs.
In this study and in that of Hankin et al. (1997) , higher proportions of sperm plug presence were found among larger female Dungeness crabs (. 140 mm CW) than among small adult female crabs (, 140 mm CW). Hankin et al. (1997) speculated that lower presence of sperm plugs in smaller (, 140 mm CW) females was probably a reflection of generally earlier molting and mating by smaller females combined with sperm plug disintegration. Results from this study show that sperm plugs remain intact and visible for at least 180 days. Therefore, it is more likely that mating success among small (90 mm-130 mm postmolt CW) female Dungeness crabs is actually less than for female Dungeness crabs exceeding 140 mm CW. Some of these small female crabs are at the first adult instar and were therefore not sexually mature at the time of molting. In the closely related species C. pagurus, Edwards (1966) also reported lower mating success among smaller female crabs than among larger female crabs.
The empirical evidence of mating success based on the presence of sperm plugs supports a conclusion that almost all molting female Dungeness crabs mated during spring 1997 in northern California. Mating success for large females (. 140 mm) was close to 100%. These findings regarding mating success in 1997, when combined with similar findings of high rates of mating success among large females for 1995 (Hankin et al., 1997) , provide strong evidence that intense fishery removals of large male Dungeness crabs did not reduce mating success of large females in northern California in these two years. One might argue that, by chance, mating success may have been unusually high in these two years. However, northern California landings of male Dungeness crabs were unusually low in 1997 (990 metric tons compared to a 20-year average of 4140 metric tons and the fourth lowest landings since 1964), thus implying that abundance of legalsized crabs was unusually low during 1997. It therefore seems unlikely that mating success in 1997 was substantially greater than in typical years.
The mating success assessments based on the presence of sperm plugs also served to partially validate the shell condition classification used by Hankin et al. (1989) . Given that essentially all of Class 1 (definitely molted) crabs had sperm plugs, it is reasonable to conclude that they had indeed all mated and were thus properly classified. Similarly, classes 3 (probably did not molt) and 4 (definitely did not molt), with virtually no crabs having sperm plugs, were correctly classified as nonmolts. Judging from the general absence of sperm plugs, Class 2.5 (uncertain molting history) crabs must also have been nonmolting crabs. In contrast, Class 2 (probably molted) appear to have been erroneously classified. Many Class 2 crabs did not have sperm plugs present.
The results of these mating success assessments, combined with observations of the sizes of female and male crabs found in premating embraces (see Hankin et al., 1997) , together imply that sublegal adult male Dungeness crabs actively participate in mating. The existing size limit for male crabs of 159 mm is based on the assumption that adult male Dungeness crabs may mate at least once prior to fishing vulnerability. It appears that this assumption is correct for the Dungeness crab fishery in northern California, and that there is no empirical basis for a concern that intense harvest on males will reduce mating success in this population. Of course, if minimum size limits for male crabs were set too low, we suspect that mating success could be adversely affected by intense fishery removal. In the British Columbia fishery, the minimum size limit for male Dungeness crabs is 154-mm carapace width. We suggest that a similar empirical study of actual mating success be carried out for that fishery. dissection of the crabs. This paper was funded by grants from the National Sea Grant College Program, National Oceanic and Atmospheric Administration, U.S. Department of Commerce, under grant number NA66RG0477 project number R/F-18PD through the California Sea Grant College Program. The views expressed herein are those of authors and do not necessarily reflect the views of NOAA or any of its subagencies.
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